This study aims at analysing the impact of wastewater load of industrial units in Haldia on the water quality of the Hoogly estuary using numerical modelling techniques. Modelling was never attempted in this region because it was generally felt that simulating such a complex system would not be easy with limited data availability but MIKE 21, a hydrodynamic and water quality model, was used to simulate BOD and DO profiles in the study area and simulation provided reasonably good predictions. A scenario assessment was also carried by increasing the flows from various sources to understand the site-specific relationships between pollution sources and water quality conditions and also to calculate the assimilative capacity of Hoogly with respect to waste discharged from the industrial units at Haldia. The results suggested that water quality of the canal towards closed Oil Jetty was highly deteriorated due to stagnant pond condition and discharges from a refinery. But large part of the canal was found to be well drained under tidal influence as a consequence of which both DO and BOD conform to the prescribed water quality standards most of the times. The impact of industrial waste load on the Hoogly was found to be negligible and the radius of influence was limited to about 200-300 m across the estuary and about 1.6 km along the shore during ebb conditions. Assimilative capacity of the region was estimated to be 837 kg/d as against the present load of 121 kg/d. The study suggested that the estuary had good dilution capacity and intense tidal mixing helped in rapidly diluting the pollutants.
INTRODUCTION
The Hoogly estuary (alternatively spelled as Hoogli, Hooghly or Hugli) is a complex system with dynamic flow, depth and velocity conditions. The rivers Hoogly, Roopnarayan and Haldi bring freshwater to the estuary, which eventually drains into the Bay of Bengal (Figure 1 ). The deltaic region of the Hoogly estuary, the Sundarbans, is one of the largest single blocks of the halophytic mangroves in the world, with a spatial coverage of about 1,430 km 2 . It is needless to emphasize the ecological significance of the Sundarbans, which apart from being a stopover point for migratory birds, houses almost 59 species of mangroves and 27 indigenous commercially important fish and shell-fish. Part of the Sundarbans is a Biosphere Reserve sheltering famous Royal Bengal Tigers, estuarine crocodiles, gharials and Javan rhinoceros.
Recognising the ecological importance and the complexity of the estuarine settings, there is a general concern about the deteriorating environmental conditions due to the rapid industrialisation around the estuary. This estuary not only receives pollution load from rivers feeding the estuary, but also directly from a major industrial estate called Haldia, located on the banks. Haldia is a hub of petroleum industries. In addition, several other small and medium scale industries, such as fertilizer, pesticide, fibre-making, edible oil and small lead smelting plants are also located in Haldia. In order to understand the environmental dynamics of the area, several efforts were made to assess the water quality of the estuary, which were however, primarily restricted to monitoring of a few parameters at different places in the region do not match in spatial and time domain to estimate the cumulative impact of various ongoing activities in the area.
Understanding various physical, chemical, and biological interactions in such a dynamic system is an overwhelming task and mathematical modelling was therefore considered as an effective tool. In the past, data limitation was cited as the main reason for restricted modelling applications and therefore this work was attempted to dispel this myth that models could only be applied with large amount of data. Accordingly, this study aims at analysing the impacts of the industrial pollutant sources on the Hoogly estuary using numerical modelling techniques. The numerical model, MIKE 21 FM was used to assess the pollution profile of the study area in terms of Dissolved Oxygen (DO) and Biochemical Oxygen Demand (BOD) for the post monsoon period over a lunar month consisting of both the spring and neap tide. Thereafter, scenario assessment was carried to understand the site-specific relationships between pollution loading and water quality, and estimation of the assimilative capacity of Hoogly vis-à -vis the waste discharged from the industrial units at Haldia. Finally, based on the modelling exercise a monitoring plan for the region was suggested. This study is a preliminary modelling assessment in the region and in future this validated model may be used to simulate concentration profiles for single and multiple effluent discharges, to device special monitoring program, and finally to design discharge policy with increased load to preserve water quality.
MIKE is a user friendly model with very well developed pre and post processing tools and is frequently used by consultants and engineers. But limited literature is available on its application for investigation of environmental conditions in costal settings (Rasmussen et al. 2000; Chubarenko & Tchepikova 2001; García-Barcina & Sota 2002; Edelvang et al. 2005; Babu et al. 2006; Lopes et al. 2008) . This study demonstrated the robustness of the MIKE 21 FM model in the estuarine system and in addition, it familiarises the scientific community with the capabilities of the MIKE model, a useful and powerful tool for modelling estuaries, coastal areas and oceans, for environmental investigations. (Figure 1 ). This estuary remains vertically homogenous throughout the year because of shallow depths of about 6 m (De et al. 1991; Gole & Vaidyaraman 1966 ) and intense tidal mixing except for the increased fresh water discharge during southwest monsoon season between June and September (Sadhuram et al. 2005) . Average fresh water discharge for Hoogly is reported to be 3,000 m 3 /s during monsoon season and 1,000 m 3 /s during the dry season (Sadhuram et al. 2005) .
STUDY AREA: HOOGLY ESTUARY AND GREEN BELT CANAL
Although, the tidal effect in the River Hoogly is noticeable up to about 200 km upstream of Sagar Island, the salinity intrusion is confined only up to 70 km upstream even during the dry season. The tidal variations (amplifications), irregular coastal geometry, presence of island, and the deeper navigational channels separated by shallow patches make the flow hydrodynamic of the estuary quite complicated.
The treated and untreated wastewater from industrial units at Haldia is discharged into the estuary through a man made channel known as Green Belt Canal (GBC). The GBC, was originally dredged by the Haldia Dock Complex for fire fighting purposes, is no longer in use because of the accumulation of the oily waste from the various petroleum industries. The refinery, pesticide and fibre-making unit discharge directly into the GBC, whereas Mansathala khal (natural canal in local language) and Atafola khal join GBC after accumulating wastewater from several adjoining industries. The GBC is about 7 km long and 30 m in width and has two ends, i.e. 
MIKE 21
MIKE 21 is a two-dimensional model, which was developed and maintained by Danish Hydraulic Institute (DHI)-Water, Environment and Health, Denmark (Warren & Bach 1992) . It was found to be suited for well mixed systems like Hoogly estuary (NIOT 2004) . This module is based on Water Science & Technology 9 9 9 9 63.9 9 9 9 9 2011 cell-centred finite volume method. The unstructured Flexible Mesh (FM) approach using triangular grid element was preferred, over fixed grid system (i.e. quadrilateral elements of equal dimensions), for this study because of its ability to represent islands and complex bathymetry more precisely and provision of variable grid resolutions to represent the much smaller dimensions of GBC as compared to the Hoogly estuary. Keeping the objective of the study in view, two modules of the MIKE 21 FM software were used. The flow regime was examined by deploying the Hydrodynamic (HD) module followed by the evaluation of the impact of the industrial pollutant loading by the Eco-Lab (EL).
Hydrodynamic module
The HD module simulates water level variations, flows and distribution of salt and temperature subjected to a variety of forcing functions and boundary conditions. The HD module is based on numerical solution of two-dimensional shallow water equations -the depth integrated incompressible Reynolds averaged Navier-Stokes equations (Tartar 2006) . The model is based on the continuity and momentum equations, following principle of conservation of mass and momentum in both 'X' and 'Y' directions. The momentum equation has nine components representing effects of time deviation, convective momentum, cross momentum, gravity, bed resistance, eddy viscosity, Coriolis, wind resistance/ friction effect and density/barometric pressure gradient.
Eco-lab module
The EL is a flexible module for customising an aquatic ecosystem to describe water quality, eutrophication, heavy metals interactions and ecology (DHI 2004) . The users can choose predefined mathematical description of ecosystems or can develop their own model templates. The module can describe dissolved substances, particulate matter (dead or living material), living biological organisms and several other components.
MODEL SET-UP
For the present study, the model was set up for 15 days between 1st November and 15th November to represent the post monsoon low flow season, when the impacts of the pollutants are likely to be the maximum. Each model simulation for 15 days took 28 hours on a personal computer (PC) with single Pentium 4 processor having 3 GHz of speed and 1.99 GB of RAM. The computational time step for the simulations was kept as one second and results of the simulations were recorded every 30 min. The finer grid in and around the GBC area, necessitated a lower computational time step in order to arrive at a reasonable and stable Courant number for the model.
HD module set-ups
MIKE 21 HD simulation was aimed at computing hydrodynamics of the estuary under tidal effects of the Bay of Bengal and more importantly the water exchange between GBC and the Hoogly.
Model domain and bathymetry
Bathymetry reflecting the geometry and the depths of the estuary was prepared with grid size varying between 30 m in GBC and its adjacent area; to 3,000 m in the lower stretch of 
Wind profile
The meteorological data collected from an automatic monitoring station in Haldia (WBPCB 2003 (WBPCB -2005 suggested that during the study period winds were North and North Westerly for about 80% of the time with an average speed of 3 m/s.
Water levels
The water surface elevation (tidal level) data were extracted from the C-Map for the two stations, i.e. Diamond Harbour and Sagar Roads, to represent the upper (North) and lower (South) boundary conditions, respectively. The water levels at Diamond Harbour varied between 0.9 m to 6.2 m with an average of 3.3 m, whereas water levels recorded at Sagar Roads had an average of 3 m and ranged between 0.9 m and 5.3 m (Figure 3 ).
Other parameters
The other parameters used for the HD set-up are given in Table 1 . The model used Dalton's, Angstrom's and Lambertbeer's laws to formulate the heat exchange for the system using meteorological variables such as temperature, relative humidity and cloud cover (WBPCB 2005) . Seven wastewater sources were considered discharging into GBC and Hoogly (Table 2 ) along with the river Haldi, which joins Hoogly downstream of Haldia. Salinity and temperature of all the sources and river Haldi were kept at zero PSU and 278C, respectively.
EL module set-up
The EL templates were prepared for DO and BOD to observe the pollutant spread in the GBC and the Hoogly estuary. For BOD, process of decay was included, whereas for DO, processes like re-aeration, photosynthesis, BOD decay, respiration and Sedimentation Oxygen Demand 1 C-Map is a compilation of digitised hydrographic charts and tidal data. This product is provided by Jepessen Marine, Norway; http://www.c-map.no/ were considered (Thomann & Mueller 1987; Jorgensen 1994; Chapra 1997) .
The EL module was calibrated using values of coefficients and loads from various sources as shown in Tables 2  and 3 , respectively. The average day light intensity was calculated based on the solar radiation data (WBPCB 2005) .
The pollutant concentration data was collected from monitoring records of State Pollution Control Board (WBPCB 2004) . DO levels were set as 6 mg/l at both upper and lower boundaries, whereas BOD concentrations were kept at 2 mg/l and 1 mg/l at the northern and the southern boundary, respectively (CPCB 2000a; WBPCB 2003; Sadhuram et al. 2005; TERI 2005) . The DO content of all the sources was considered zero as these waste streams were being discharged directly from the industrial outlets, except for the Haldi river for which, a DO value of 6 mg/l (CPCB 2001) was taken.
MODEL CALIBRATION
The HD module was calibrated first where simulated water or tide levels were compared with the measured water levels at Raichak and Fraiser (Figure 1 ) and were found in good agreement (Figure 4 ). The amplitude difference between the measured and the predicted tidal levels at both the stations limited to about 0.4 m. Similarly the tidal phase was also found to be well synchronised at both the locations. Though graphs provide a good visual comparison of model predicted and observed values, but the models performance was also evaluated in terms of Bias, Correlation coefficient (COR) and statistical errors, namely, Fractional Bias (FB), Normalized Mean Square Error (NMSE) and Index of Agreement (IOA) and given in Table 4 , which indicated that the model replication of the prototype is fairly good.
For the calibration of EL, six stations were considered and it was noted that the differences between the mean of measured and the model predicted values of BOD were insignificant and showed a good fit at four locations, i.e. near Oil Jetty end, between catchpit 5 & 6, near HT/LT connection point and in front of a fibre-making unit ( Figure 5 ). The highest error among these four sites was 2 0.8 mg/l at catchpit 5 & 6. The errors or residuals calculated at other two sites, i.e. catchpit 1 & 2 and near Pataikhali 1 were 8.4 mg/l and 3.2 mg/l, respectively. The vehicle loading and un-loading terminal of the refinery was located near catchpit 1 & 2 and it was quite possible that there might be some unaccounted spillage joining GBC to increase its BOD load while handling the petroleum products and cleaning of vehicles. At Pataikhali 1 this difference could be due to the re-suspension of settled material because of back and forth movement of water in the GBC due to tidal flow.
The DO calibration was carried out using the limited data available in the literature (CPCB 2000b; Sadhuram et al. 2005; TERI 2005 ) in order to make sure that the DO signatures were captured correctly in the simulations. The recorded observations of DO for the Hoogly estuary were found to vary between 5 -6.5 mg/l for post monsoon season, but these observations did not provide any information on the tidal stages and exact location of measurements. For the same reach, model simulations indicated DO values between 4.5 mg/l and 6 mg/l. These model results were compared qualitatively with the available DO observations and were found reasonable. DO was not a very critical parameter in the estuary because of sufficient DO assimilation due to tidal fluctuations and dimension of the system.
MODEL VALIDATION
The HD module was validated for another set of data collected in January 2003 for two different stations, namely Kulpi and Gangra (Figure 1) . Figure 6 shows a very good fit between water levels of the simulation and the measured data at both the stations and the model was deemed suitable for making predictions for the Hoogly and the GBC. The BOD and DO data was not available for validation purposes. However, it is believed that suitably calibrated and validated HD module would also ensure acceptable and accurate results for ecological parameters as the spread and concentration of pollutants in this system were mostly governed by the hydrodynamic flows.
MODEL OUTPUT AND DISCUSSION
The study was aimed at assessing the water quality of the GBC and Hoogly under the impact of various industrial pollutant loads. The outputs of the model are especially focused inside the GBC and the Hoogly estuary near its confluence.
Hydrodynamics of the estuary
The water exchange between GBC (via, Pataikhali 1 and 2) and Hoogly was dependent on the water level difference due to tidal movement. High and low water conditions marked the reversal of flow inside and outside the GBC, respectively. Water flushes out of GBC with the receding water levels in the estuary soon after high water and vice versa. Water quality of the estuary
The BOD and DO profiles over 15 days were extracted at closed end of Oil Jetty, connection point of HT/LT (middle point) and near Pataikhali 1 and 2 in river Hoogly to assess the pollution profile of the area. The water quality was compared with respect to the allowable DO and BOD levels designated for Class SW-IV waters (i.e. Harbour) at coastal water marine outfalls (CPCB 1998), which suggest a desired DO level of 3.0 mg/l or 40% saturation value (whichever is higher) and BOD value of 5 mg/l for 3 days at 278C. In GBC, the DO values near Oil Jetty end were quite low with a mean value of 0.2 mg/l (Figure 8 ). At HT/LT Water Science & Technology 9 9 9 9 63.9 9 9 9 9 2011 1940 R. Paliwal &R .R .P atra | Use of MIKE 21 to assess water quality variation of estuary ebb condition in river and outward flow in GBC (Right).
(Lower left); flood condition in the river, inward flow in the GBC (Right).
connection point, the DO was found to vary between 2 to 5 mg/l. DO profiles of Pataikhali 1 and 2 were in close agreement, with mean DO of about 4 mg/l. The DO levels in the river conformed to the desired SW-IV standards for most of the times except few occasions during the neap tidal conditions. The BOD levels near Oil Jetty were mostly above 19 mg/l, exceeding the standards by almost 400%. This end behaved as a stagnant pond because of negligible tidal mixing and higher depth, which is evident from both DO and BOD profiles. The BOD at HT/LT connection varied between 2 and 6 mg/l but the location was not conforming to standard as BOD was found to exceed 5 mg/l a number of times. Model predicted BOD in the river near Pataikhali 1 and 2 (,3 mg/l) was in agreement with the desired levels of SW -IV standards (Figure 8 ). The dilution was provided by the tidal action at Pataikhali 1 and 2, kept BOD under check.
The effect of discharge from GBC on the Hoogly near the two openings over one tidal cycle between a high water and low water was noted (Figures 9 and 10) . The water was flowing out of GBC with falling tide soon after high water, increasing the concentration in the Hoogly and maximum of 3.4 mg/l was noticed during low water at the point of discharge of GBC. The radius of influence was found to be limited to about 200-300 m across the estuary and about 1.6 km along the bank line. The rising water levels from low to high water provided dilution and therefore BOD concentration was reduced again conforming to the standards within a period of 6-7 hours.
Impact of discharges from ETP and petrochemical unit also provided similar results. Mean DO and BOD at these locations were around 4 mg/l and 2.5 mg/l, respectively. The maximum BOD of 3.1 mg/l was simulated during neap conditions only. The above-mentioned model results clearly indicated that impact of loads from the refinery-ETP and petrochemical unit was also negligible on the water quality of the estuary.
Scenario assessment
Four water quality scenarios were considered. First three scenarios were aimed to observe the site-specific relationship between impacts of pollutant loads from Pataikhali 1 and 2 on the water quality of Hoogly and the fourth was planned to evaluate the assimilative or dilution capacity of the Hoogly near Haldia.
The first three scenarios were designed keeping the DO and the BOD concentrations from all the sources equal to the base line (existing) conditions, but increasing the simultaneous discharges from these sources by 50, 100 and 200% over the existing flow, thereby increasing the total pollutant load in the system (Table 5) .
The results of the above scenarios did not show much increase or decrease in the BOD and DO concentrations of the estuary near the point of discharges and pointed to the fact that dilution capacity of the estuary was very good. It was noted that for every 50% increase over the baseline load from all the sources resulted in an increase of 0.004 mg/l over the baseline BOD levels and decrease of DO concentrations by 0.013 mg/l below baseline DO values.
The fourth scenario was intended at assessing the assimilative capacity of the estuary, i.e. maximum load that can be safely discharged into the estuary without adversely impacting the allowable BOD values recommended for class SW-IV. The model was executed on a trial-and-error basis by gradually increasing the contaminant loadings. The desired BOD level of 5 mg/l at the point of discharge was achieved for a flow rate adopted in case of scenario 3 (i.e. 200% increase over the existing flow) and with a BOD concentration of 12 mg/l from all the sources except the petrochemical and pesticide units (Table 4 ). The resulting assimilative capacity of the estuary was estimated to be about 836.7 kg/d against the present load of mere 121.3 kg/d, which was about 15% of the total estimated assimilative capacity of the estuarine system.
